The roles of depletion layer width in semiconductor gas sensors are quantitatively discussed based on the model of gradient-distributed oxygen vacancies. Several literatures are employed to provide experimental basis of the relationship between depletion layer width and gas sensing characteristics of semiconductor devices. Four series of gas sensors are illustrated and their depletion layer widths are controlled by three different techniques, such as controlling of the dopant amount, sintering in various procedures and usage of various dopants. The model shows a good applicability in analyzing the roles of the depletion layer width in semiconductor gas sensors, as long as the grain radius is larger than the depletion layer width, especially when it is controlled by the doping amount of the foreign elements.
INTRODUCTION *
Semiconductors, such as SnO2, ZnO and WO3, are considered to be good choices for core elements in gas sensing devices [1 -3] . The grains of materials in these sensors are responsible for transducing gaseous environment into electrical energy by the variation of sensor resistance, which is dominated by the depletion layer. This region is responsible for a larger resistivity than the grain bulk, because it contains few free electrons. In this surface layer of the grain, almost all free electrons are captured by the acceptors on the grain surface, leaving a depleted region, where a potential barrier for electrons is established [4] . When exposed to stimulant gases, acceptors are consumed by gas molecules. Consequently, some of captured electrons are released back into the depletion layer, diminishing the resistance of this region [5] .
The existence of depletion layer was fundamental in both practical and theoretical investigations because it acts as the sensitive part of the semiconductors. Xu C. proposed a neck-controlled model for porous SnO2 elements. A depletion layer width (w) of 3 nm was apparently estimated on the basis of the grain size dependences of the sensor resistance and response to reducing gases [6] . However, Malagù's research generated another value of 14.4 nm, by using a Schottky contact model of semiconductor films [7] . Recently, Liu proposed a mathematical method for a more convenient and precise calculation of the depletion layer width based on the dependence of gas-sensing characteristics on the donor additive amount [1] . For WO3 sensors, the response mechanism could be explained by the depletion layer with a variable width [8] . The value has been reported as 12.5 nm in air and it expanded to 15 and 16.5 nm when exposed to 5 and 10 ppm NO2 gas [3] . Malagù also found that the width of depletion layer was dependent upon electrical frequency [9] . Likewise, Wang used to observe a width of 15 nm for the depletion layer of pure ZnO nanorods [10] and later this value was proved by E. Wongrat's Aucoated ZnO nanostructured sensors [2] . Although there have been some studies on the depletion layer width of gassensitive semiconductors, a study specific to the roles of the depletion layer width is scarce. Moreover, the existent knowledge is too qualitative. The quantitative analysis is expected.
In the previous works [11 -13] , the model of gradientdistributed oxygen vacancies (GDOV) was then proposed based on the influence of cooling rate on electrical performances of the semiconductor gas sensitive thin films. The sensor electrical properties were formulated as functions of the grain radius RC and depletion layer width w, as expressed Eq 1 and Eq. 2.
whereR and S are the sensor resistance and response to reducing gas, respectively. R0 is the flat-band resistance of the central bulk of a SnO2 grain. q, k, T and e are the elementary charge, Boltzmann constant, operating temperature and permittivity, respectively. The parameter m indicates the end temperature of the ideal cooling process. α is a coefficient that indicates the type or concentration of the
stimulant gases. Thus, the roles of depletion layer width in gas sensing characteristics of semiconductive gas sensors can be analyzed on the basis of the model.
In the present work, the roles of depletion layer width in semiconductor gas sensors are discussed based on the model of the gradient-distributed oxygen vacancy. Several semiconductor gas sensors are selected from the previous literatures, where the depletion layer width of the sensors was controlled in different techniques. The dependence of gas sensing characteristics on the depletion layer width is quantitatively described by the GDOV model. The simulated sensor resistance and response show good agreement with the experimental results.
PREPARATION ROUTES OF SENSOR SAMPLES
It is known that there are several ways to adjust the depletion layer width of semiconductor gas sensor. Incorporation and sintering control are the most popular techniques. Four types of gas sensors are selected for the present discussion in the role of the depletion layer width, as listed in Table 1 . Series #1 from Liu [1] was SnO2 thin films spin-coated on alumina substrates via a sol-gel route. The thin films were sintered at 600 °C for 2 h. Sb addition was incorporated into SnO2 thin films to obtain various depletion layer widths from 4.2 to 2.3 nm, which were calculated based on the dependence of thin film resistance on the Sb doping amount. Series #2 was prepared by E Wongrat [2] , who incorporated Au nanoparticles into ZnO nanostructured gas sensor, which was prepared by thermal oxidation technique on alumina substrates. The sensor was sintered at the temperature of 500 °C for 24 h to form a ZnO nanostructure. Adding Au nanoparticles on the surface of ZnO grains was performed by sputtering technique to change the depletion layer width.
Series #3 was a conventional sintered block type sensor fabricated by J. Tamaki [3] for detection of NO and NO2 gases. WO3 powder was prepared from aqueous solution before it was pressed into a sensing pellet and sintered at 300 -550 °C for 3 h. Different sintering processes were applied to the sensors to adjust the depletion layer width.
Series #4 was from C Xu, who prepared porous sensor elements by pasting SnO2 powder on an alumina tube sintered at 700 °C for 4 h. Foreign oxides were added by an impregnation method to control the grain size of the SnO2sensor, in which the grain size effects of sensor resistance and response were observed. A depletion layer width of 3 nm was concluded for SnO2 grains and this value was considered to be a constant. Therefore, the depletion layer width appears different performances in the SnO2 sensors with various grain sizes.
RESULTS AND DISCUSSION
The influence of the depletion layer width on gas sensing characteristics of Sb-doped SnO2 thin films (Series #1) is shown in Fig. 1 . The plots are fitted by setting the parameters in Eq. 1 and Eq. 2 as: NVS = 5 × 10 25 m -3 , m = 0.2 nm -1 , ε = 10 -10 F/m, T = 573 K, α = 0.7 and R0 = 1.25 Ω. It is found that the simulations are in good agreement with the experimental observation. The GDOV model shows good potentials in simulating the roles of depletion layer width on the electrical properties of semiconductor gas sensors. The sensing characteristics of the ZnO ethanol sensor (Series #2) at 573 K are redrawn in Fig. 2 . They are fitted by setting the variables of Eq. 1 and Eq. 2 as: NVS = 10 25 m -3 , ε = 8.58 × 10 -11 F/m, T = 573 K. m is set to be 0.18 nm -1 and the C2H5OH gas concentration of 500 and 1000 ppm are denoted by α = 0.16 and α = 0.17, respectively. It is observed that the simulation fits the experimental resistance and response perfectly. Only one value of m is used since the depletion layer width is solely controlled by the amount of Au impregnation. The WO3 sensor resistance and response of Series #3 are fitted in Fig. 3 and Fig. 4 by setting the parameters as: NVS = 10 25 m -3 , ε = 8.85 × 10 -11 F/m, T = 573 K and R0 = 31250 Ω. Without any interference from the incorporated elements, the pure WO3 resistance is well fitted by the simulations when m = 0.25 and 0.30 nm -1 , which denote their sintering processes. Also, good simulations are observed by fitting the sensor response to 5 and 10 ppm NO2 gas at 573 K when α = 0.16 and 0.40, respectively, as shown in Fig. 4 . For the gas sensors of Series #4, various elements were incorporated when the SnO2 gas sensors were prepared. The results are redrawn in Fig. 5 in the coordinates of resistance against w/RC. The simulated curves with m = 0.10, 0.15, 0.21 and 0.34 nm -1 are plotted to fit the resistance at 573 K. R0 is set to be 1250 Ω. Most plots locate themselves around the simulations, though they are separated into several groups. It is known that the resistance of gas sensors is not only controlled by the grain size, but also influenced by the foreign species. These additives can significantly change the sensor performance by surface modification, acting as catalyst for a chemical reaction or controlling the grain size [14] . It is very difficult to identify the contribution of each dopant, which is not taken into consideration in the model. However, if some of the foreign elements have the similar effect on the sensor resistance, they can be treated as one group. In this case, the simulation presents its applicability provided that the incorporated elements have similar effects on the gas sensing properties. On the other hand, Fig. 6 shows the fitting of the sensor response to 800 ppm H2 of the pure SnO2 elements. They were fabricated in various sintering conditions, which could be denoted by m in the present model. Therefore, several values of m are used to simulate the relationship between sensor response and w/RC, as shown in Fig. 6 . The parameters are set to be: T = 573 K and α = 0.25. The simulations appear good fitting with the experimental response. However, the shape of the simulated curve is found almost the same as Line (a) if m is less than 0.01 nm [1] . Hence, there is little possibility for the present model to cover all the actual data of response.
The roles of depletion layer width in semiconductor gas sensors were analyzed by the GDOV model. Generally, there are three methods used to adjust the width of depletion layer, namely: (a) controlling the amount of incorporated elements, (b) sintering in various procedures and (c) usage of various dopants. Then, the calculated gas sensing properties are validated by several typical literatures, in which various types of materials and fabrication procedures were used. For the case of Sb-doped SnO2 thin film and ZnO sensors (Series #1 and #2), all the samples were sintered in the same process while the doping amount of the exclusive foreign element was controlled. The present model shows a perfect fitting in these events. In the next situation of Series #3, various sintering processes were employed to prepare gas sensors of the WO3 blocks. The model is also validated by changing m values, which originally indicate the end temperature of the annealing processes. Therefore, the good fittings are also observed in Fig. 3 and Fig. 4 . For the last case, it has to be reserved that the effects of various dopants on gas sensor performances are not taken into consideration in this model. Hence, the fitting shows to be less precise to C. Xu's sensors, which incorporated more than ten types of foreign elements. However, the model is still applicable if the effects of additives on sensor properties are grouped. It is noted that the current calculation is valid as long as the grain radius is larger than the depletion layer width. In other situations, the Eq. 1 and Eq. 2 are degraded and they have been discussed in another work [11] .
CONCLUSIONS
The roles of the depletion layer width in semiconductor gas sensors are analyzed based on the model of GDOV. Some sensor performances of SnO2, WO3 and ZnO devices are employed for discussion. The parameter m can be used to indicate the various sintering procedures in the fabrication of gas detectors. A better fitting is observed when the depletion layer width is controlled by the dopant amount than by the sintering technique. It is also suitable for the model when various foreign species are introduced to modify the depletion layer width of semiconductive gas sensors, provided that the effects of incorporated elements are grouped.
